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This  report  was  prepared  by  the  Department  of  Chemistry  and 
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I.  INTRODUCTION 


Previous  investigations  have  shown  that  excited  molecular  oxygen 

(0  [’Ag])  can  be  produced  chemically  in  solution  via  the  absorption  of 

Cl.,  (q)  by  a solution  of  basic  . The  production  of  02('Ag)  is 

2 

important  since  it  has  been  predicted  theoretically  that  energy 

2 2 

transfer  from  this  species  can  pump  an  iodine  atom  laser  { P - P . ). 

±/  £-  ~> / £ 

The  threshold  for  this  process  has  been  predicted"*  to  be  25%  excited 
oxygen  to  total  oxygen  for  realistic  lasing  conditions.  This  energy 
transfer  must  be  carried  out  in  the  gas  phase;  however,  only  liquid 

pnase  reactions  have  been  known  to  produce  excited  oxygen  in  sufficient 

. , , 4,5,6 

yield. 

7 8 

As  the  lifetime  of  O^('Ag)  has  been  measured  ' to  be  2)J  sec  in 

aqueous  solution,  an  excited  oxygen  molecule  can  only  diffuse  approxi- 
3 0 

mately  1 x 10  A before  being  quenched.  To  allow  a reasonable  fraction 

of  0 (’Ag)  to  escape  into  the  gas  phase  thus  require1  the  liquid  re- 

3 ° 

actants  to  be  rcix^d  in  such  a way  as  to  have  a mean  distance  of  10  A 
from  the  source  of  the  singlet  oxygen  production  to  the  surface  of  the 
reagents.  It  is  difficult  to  mix  liquid  reagents,  in  va  uo,  on  such  .. 
fine  scale. 

We  have  developed  an  alternative  approach.  The  reactants  required 
to  produce  singlet  oxygen  are  formed,  in  situo , in  a narrow  layer  on 
the  surface  of  the  liquid  phase  by  utilizing  the  slow  diffusion  of 
gases  in  a liquid.  The  gases  used  are  Cl.,  and  01,0,  both  of  which 
hydrolyze  in  aqueous  solution  to  form  th.  hypochlorite  ion.  The  liquid 
phase  chosen  was  a concentrated  H.,0,  solution  (90%  or  less)  to  which 
was  added  a small  amount  of  NaOH . The  reaction  between  hypochlorite 


ion  and  alkaline  HO  is  reputed  to  produce  yields  of  0 (’Aq)  in 

2 2 * 


II.  EXPERIMENTAL  PROCEDURE 


A.  Chemical  Generation 

A flow  reactor,  shown  in  Figure  1,  was  designed  to  provide  a 
quasi-continuous  production  of  0;('Ag).  The  reactor  was  loaded  with 
15-25  ml  of  H70)f  usually  made  basic  by  the  addition  of  NaOH  and  about 
100  ml  of  loosely  packed  glass  helices.  The  ground  glass  joints  were 
covered  with  a thick  layer  of  Kel-F1^  grease  allowing  the  reactor  to 
turn  freely  when  driven  by  a stirrer  motor.  Turning  the  reaction  vessel 
allows  a recoating  of  the  glass  helices.  The  atmospheric  pressure  on 
the  reactor  ends  slowly  forces  the  grease  out  of  the  joints  so  that 
after  a period  of  about  one-half  hour,  the  reactor  will  not  be  turned 
by  the  drive  motor.  A steady  production  of  00('Ag)  is  observed  prior 
to  this  time. 

After  loading  and  mounting  the  reactor,  the  system  is  pumped 

down  after  opening  a bypass  valve  connecting  points  A and  B (Figure  1) . 

This  minimizes  migration  of  the  Ho0^  down  the  outlet  tube.  The  valve 

is  closed  in  normal  operation.  A cold  trap  with  dry  ice  and  acetone  is 

placed  down  stream  of  the  reactor  to  trap  and  H^O.  After  the 

1 2 

down  stream  pressure  stabilizes,  Cl.,  “ gas  (unpurified)  or  Cl.,0  (see 
section  II.C)  is  allowed  to  flow  through  the  reaction  tube.  In  the 
latter  case,  the  Cl  0 is  maintained  in  a dry  ice/acetone  bath  (vapor 
pressure  M Torr)  and  carried  through  the  reactor  by  a flow  of  He. 
Adsorption  of  either  species  on  the  liquid  phase  generates  O^t'Ag) 
which  is  observed  down  stream  of  the  reaction  vessel  using  a Varian  4r; 
Electron  Paramagnetic  Resonance  Spectrometer. 

B . EPR  Measurement s 

The  details  of  concentration  measurements  via  EPR  spectroscopy 


3 


are  covered  in  a companion  report.  The  use  of  magnetic  field  modula- 
tion and  phase  sensitive  detection  produces  a spectrum  which  is 
approximately  the  derivative  of  a Lorentzian  absorption  curve  at  low 

modulations.  It  is  actually  the  first  harmonic  of  the  Fourier  expansion 

14 

of  the  absorption  curve  at  the  modulation  frequency.  A typical 

spectrum  is  shown  in  Figure  2.  The  peak  to  peak  width  and  signal 

height  can  be  related  directly  to  the  number  density  of  the  absorbing 

species.'"  When  comparing  different  species  which  undergo  magnetic 

dipole  transitions,  all  instrumental  factors  can  be  determined  by 

measuring  the  area  of  the  absorption  curve  arising  from  mown  pressures 

3 16 

of  a stable  species  (O.,]  Eg])"  . 

A Varian  4502  Electron  Paramagnetic  Resonance  Spectrometer  was 
used  in  these  investigations.  Two  different  sample  cavities  were  used, 
a large  sample  access  cavity  (2.54  cm  dia)  and  a standard  Variar.  V-4531 
cavity  (i.10  cm  dia).  The  smaller  cavity  is  less  sensitive  but  allows 
the  use  of  7 inch  tapered  pole  pieces  enabling  use  of  a higher  resoi!  . 
magnetic  field.  The  higher  field  (''.-23  kg)  permits  the  : adsurement  ot 


1/2 


) . 


Figure  3 shows  a typical  experimental  t-up  (larg.  avif  ! . 
The  smaller  cavity  conf  iguratio.n  is  identical  ;xcept  for  an  adapter 
section  which  reduces  the  flow  diameter  to  1 . 0 cm  in  the  region  of  the 
magnetic  field. 


Figures  4 and  5 show  pilots  of  the  peak  area  ver: us  pressure  for 
the  O^(^Z)  reference  line  in  each  cavity.  The  pressure  were  measured 
with  a McLeod  gauge  and  the  area  at  zero  res  arc  ceric  ;■<  i.ds  1 ' ti 
background  pressure  of  the  system  ( micro.  . of  <ir)  . Experiment 
were  run  utilizing  a microwave  discharge  4 HZ)  "■  j reduce  0.  ( ’An) . 
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2HgO  + 2C12  HgO  • HgCl2  + C120  (1) 

The  apparatus  shown  in  Figure  6 was  used  for  the  synthesis.  The  HgO 
(yellow  form) -glass  mixture  was  dried  in  an  oven  and  packed  loosely 
into  the  U-tube.  A regulator  pressure  of  4 psig  and  a reading  of  80 
(glass  ball)  on  the  flowmeter  was  used  for  the  Cl^  flow.  The  air  flow 
rate  was  adjusted  to  be  approximately  twice  the  Cl^  flow  rate.  This 
apparatus  produces  about  10  ml  of  CljO  per  hour. 


r 

III.  RESULTS 
A.  Cl2 

Figure  7 illustrates  the  percentage  of  O^C&g)  obtained  versus 
Cl  flow  rate  as  determined  via  the  EPR  measurements.  The  crosses 
represent  data  obtained  when  the  reactor  was  filled  with  loosely  packed 
glass  helices  and  the  X marks  data  obtained  when  loosely  packed  with 
glass  wool.  In  both  cases,  about  10  ml  of  90%  H202  made  basic  (see 
Appendix)  with  1-2  ml  of  6 N NaOH  was  used.  There  was  no  apparent 
increase  in  Cl^  utilization  seen  when  the  glass  wool  was  used.  This  is 
likely  due  to  channeling  in  the  glass  wool.  The  actual  partial  pressures 
of  02  observed  in  each  case  are  tabulated  in  Tables  1 and  2.  The 


Table  1.  C>2  Production  as  a Function  of  Cl^  Flow 

for  Glass  Helices 


Flow  Rate 
(cm3/sec) 

02(  E) 

(Microns) 

02CA) 

(Microns) 

Percent  above  background 
decomposition  (100u) 

0 

134 

- 

- 

1.1 

115 

2.0 

(11.8) 

5.9 

378 

27.5 

9.0 

12.0 

111 

14.9 

16.2 

13.2 

255 

28.7 

15.6 

Table 

2.  C>2  Production  as  a 

for  Glass  Wool 

Function  of  Cl^  Flow 
Substrate 

Flow  Rate 
(cm3/sec) 

02(3E) 

(Microns) 

02( 'A) 
(Microns) 

Percent  above  background 
decomposition  (180p) 

0 

188 

- 

- 

1.5 

183 

1.2 

(28.6) 

2.5 

396 

12.6 

5.5 

Repacked  glass 

wool 

0 

182 

- 

- 

1.5 

277 

2.3 

2.3 

1.7 

287 

7.1 

6.2 

2.5 

367 

18.0 

8.8 

6 


fraction  of  generated  oxygen  (above  the  background  decomposition  of 


the  H^O^)  is  also  tabulated.  In  both  bases,  the  fraction  of  the  Cl 2 
flow  which  reacted  was  small.  At  a flow  rate  of  13.2  cm^sec  * , a down 
stream  total  pressure,  largely  due  to  Cl2»  of  2 Torr  was  observed. 

No  C>2('Ag)  generation  was  observed  unless  base  was  added  to  the  90% 

In  all  of  these  experiments  the  observed  O^('Ag)  fraction  rep- 
resents a minimum  intrinsic  reaction  yield  as  there  is  likely  some 
deactivation  between  the  reactor  and  the  1 inch  flow  tube  through  the 
EPR.  A large  portion  of  this  is  likely  occurring  in  the  6 feet  of 
1/4  inch  diameter  tygon  tubing  used  to  connect  the  down  stream  side  of 
the  cold  trap  to  the  EPR  flow  tube. 

B.  212- 

While  the  generation  of  0o('Ag)  via  the  action  of  Cl2(g)  on 
alkaline  H202  has  been  observed  previously,  we  report  here  the  first 
observation  of  O^('Ag)  arising  from  the  action  of  Cl^Ofg)  on  alkaline 
H^O^.  Table  3 summarizes  the  Cl^O  data  obtained.  This  data  was 

Table  3.  C^f'A)  Fraction  Observed  in  the  Reaction 
1 of  C120  on  90%  H209 


Basic  H .,02 

[02( ’A) ]/[02(JZ) ] 

(1) 

0.069 

(2) 

0.084 

1 90%  H2<->2'  no  kase 

L_1 

0.042 

obtained  in  the  smaller  EPR  cavity  necessitating  the  use  of  high  modu- 
lation. We  have  not  completely  calibrated  the  EPR  under  these 
conditions,  therefore,  can  only  present  relative  data.  While  the 
02  ( ' Ag)  fractions  are  smaller  than  the  fractions  obtained  with  Cl^tg), 


7 


4 


the  down  stream  pressures  are  considerably  less,  being  on  the  order  of 
0.3  Torr  in  the  best  case.  Furthermore,  some  yield  of  02('A)  was 
obtained  with  no  added  base.  In  these  runs  no  carrier  gas  flow  was 
used.  A low  flow  of  He  was  observed  to  increase  the  yield  slightly. 

C.  1^  Titration 

Several  qualitative  experiments  involving  the  titration  of  I^ 

2 

into  discharged  oxygen  were  run.  Seven  of  the  18  I{  P ) EPR  transitions 

■J/  4 

were  identified.  No  attempt  was  made  to  locate  the  other  transitions. 

2 

The  I(  P ) transitions  at  high  field  were  not  observed.  This  result 

is  to  be  expected  since  a rough  estimate  of  the  line  intensity  indicates 

that  the  signal  level  would  be  below  the  noise  level.  We  did  note, 

2 

however,  that  maximization  of  the  I(  P 2 ) signal  resulted  in  a complete 
depletion  of  the  O^'A)  signal.  Since  the  only  mechanism  for  I atom 
production  is 

0_,( '£)  + I2  - 21  + 02  C3E)  (2) 

and  the  only  deactivation  reaction  of  0 (’A)  that  produces  O^('E)  is 

o2CA)  + K2p1/2>  -cyE)  + K2p3/2)  (3) 

we  have  at  least  an  indirect  indication  of  the  production  of  the 


excited  iodine  atom. 


R 


IV.  DISCUSSION 


These  experiments  indicate  that  the  intrinsic  yield  of  the  0C1  /H ^0,^ 

reaction  is  greater  than  16%.  Since  the  hydrolysis  of  Cl 2 ( g ) and 

Cl  ,0(g)  yield  the  same  product,  it  is  expected  that  Cl., 0(g)  yields  will 

approximate  those  observed  in  the  Cl„(g)  experiments.  The  failure  of 

Cl2(g)  to  produce  02(' A)  in  pure  (non  basic)  H20.  supports  the  mechanism 

Cl9  + OH"  -+  HOCl  + Cl"  (4) 

for  the  hydrolysis  of  Cl 2 . In  contrast,  the  hydrolysis  of  Cl00  to 

produce  HOCl  does  not  require  the  hydroxide  ion: 

C120  + H20  -*■  2 HOCl  (5) 

Further,  reaction  (4)  indicates  that  C120  is  theoretically  twice  as 

efficient  as  Cl0  in  producing  HOCl. 

The  reactions  were  carried  out  in  90%  H_0„  made  basic  with  NaOH. 

2 2 

In  most  cases  the  pH  of  the  resulting  solution  was  between  5 and  6. 

*7 

Kajiwara  and  Kearns’  have  determined  that  the  optimum  pH  for  tin 
production  of  02('A)  lies  at  about  pH  10.  A more  dilute  peroxide 
solution  adjusted  nearer  to  this  pH  could  therefore  produce  a highei 
O , ( ' Ag)  yield  than  obse-rved  in  these  experiments. 


APPENDIX 


pH  CONTROL  IN  90  PERCENT  !?  O 

2 2 

Ninety  percent  hydrogen  peroxide  is  an  acidic  solvent  as  shown  by 
22 

its  pH  of  about  0.5.  We  have  measured  a value  of  1.4  for  the 

(nominally)  90%  H202  used  in  these  experiments.  Due  to  the  well 

known  leveling  effect  of  a solvent,  it  is  difficult  to  raise  the  pH 

of  90%  f*2°2  without  the  addition  of  larqe  quantities  of  base.  Using  a 

standard  Beckmann  pH  meter,  the  addition  of  5 ml  i : 6 N NaOH  to  50  ml 

of  H^O ? raised  the  pH  to  about  5.6.  The  addition  of  20  ml  raised  it 

only  to  6.7.  This  greatly  accelerated  the  decomposition  causing  the 

peroxide-base  mixture  to  boil  within  5 minutes.  The  validity  of 

glass  electrode  in  pH  measurements  of  concentrated  peroxide  solution: 

23 

has  been  established. 
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FIGURE  1 - FLOW  REACTOR 
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FIGURE  3 - EXPERIMENTAL  SET-UP 
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FIGURE  4 
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PRESSURE  ( TORR  ) 
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